A b s t r a c t -The d e t a i l s o f some o f t h e r e a c t i o n s and i n t e r a c t i o n s o f many o f t h e oxyhalogen species are r e p o r t e d i n t h e l i t e r a t u r e . The formation o f h i g h l y r e a c t i v e , complex intermediates i s common-place i n these react i o n s .
INTRODUCTION
The decomposition o f hydrogen peroxide i n t h e presence o f t r a n s i t i o n metal i o n s demons t r a t e s t h e r o l e and importance o f s p e c i f i c f r e e r a d i c a l species. Fenton's reagent i s obtained by m i x i n g aqueous i r o n ( I 1 ) and hydrogen peroxide which i s a s t r o n g e r o x i d i z i n g agent than hydrogen peroxide alone ( r e f . 1). It 
can o x i d i z e dihydrogen, i n i t i a t e polymeriz a t i o n and o x i d i z e organic substances t h a t are d i f f i c u l t t o o x i d i z e . substrate, t h e o v e r a l l r e a c t i o n I n t h e absence o f a 2FeZ+ t H, O, t 2H+ -L . 2FeS+ t 2H, O i s accompanied by c a t a l y t i c decomposition o f hydrogen peroxide. e x p l a i n t h e enhanced o x i d i z i n g power. r e a c t i o n has been analyzed i n t o simpler r e a c t i o n s :
This, however, does n o t The explanation i s c l e a r o n l y a f t e r t h e o v e r a l l 
denotes t h e s u b s t r a t e t o be o x i d i z e d (e.g., H2) and Products denotes t h e products o f t h e r e a c t i o n . 0,-which are d e r i v e d by p r o t o n l o s s from H, O, and HO,.
Depending on t h e pH, f u r t h e r r e a c t i o n s can be w r i t t e n i n v o l v i n g H0,-and Even these r e a c t i o n s may be g e n e r a l l y analyzed i n more d
e t a i l , b u t even t h i s l i m i t e d a n a l y s i s alone i n d i c a t e s t h a t t h e enhanced o x i d i z i n g power o f Fenton's reagent i s due mainly t o t h e intermediate OH r a d i c a l s
which a r e generated as a r e s u l t o f t h e Fez+ -Fe3+ couple a c t i n g as a one-electron redox coup1 e.
The o x i d a t i o n o f square-planar complexes o f p l a t i n u m ( I 1 ) by c h l o r i n e o r bromine i n aqueous s o l u t i o n r e s u l t s i n a t r a n s -d i h a l o platinum(1V) complex as a f i n a l r e a c t i o n product. This i s a c l a s s i c a l method used t o prepare platinum(1V) complexes which i n v o l v e s t h e o x i d a t i v e a d d i t i o n o f dihalogen t o t h e p l a t i n u m ( I 1 ) complex as i s shown below ( r e f . 2-5):
f a s t t xPtL, t X, -X-PtL,-OH, __* X-PtL,-X Aqueous s o l u t i o n s o f c h l o r i n e c o n t a i n C1, and HOCl i n e q u i l i b r i u m . o x i d i z e p l a t i n u m ( I 1 ) complexes q u a n t i t a t i v e l y . orders of magnitude f a s t e r than t h a t by HOCl although f r e q u e n t l y d i f f e r e n t r e a c t i o n p r oducts are observed.
Another p o i n t o f mechanistic i n t e r e s t i n halogen r e a c t i o n s i s t h e r e l a t i v e r e a c t i v i t y o f X, and X,-when t h e y o x i d i z e a common reducing agent. I n most cases t h e halogen i t s e l f i s the b e t t e r o x i d i z i n g agent w i t h t h e d i f f e r e n c e i n r a t e g e n e r a l l y being due t o d i f f e r e n c e s i n t h e a c t i v a t i o n e n t h a l p i e s . A r i c h d i v e r s i t y o f metal ions have been s t u d i e d as reductants i n c l u d i n g t r a n s i t i o n metal i o n s such as i r o n , c o b a l t , manganese and copper and o t h e r metal i o n species c o n t a i n i n g f e l e c t r o n s such as europium(I1) and uranium(1V) ( r e f . 6 -9 ) . I n general, t h e question o f i n n e r sphere versus o u t e r sphere mechanism has o n l y been resolved i n a few o f t h e halogen r e a c t i o n s i n t h a t t h e obstacles i n c l u d e l a b i l i t y o f t h e f i n a l products and t h e p o s s i b i l i t i e s t h a t t h e r e a c t i o n s may proceed by a s e r i e s o f u n i -v a l e n t changes.
On t h e o t h e r hand, r e a c t i o n s o f t h e oxyhalogen species are n o t very w e l l documented i n t e e considerable a t t e n t i o n i n t h e l i t e r a t u r e because o f t h e ease w i t h which they undergo e l e c t r o n t r a n s f e r / o x i d a t i o n r e d u c t i o n r e a c t i o n s .
Both o f these molecules However, i n general t h e o x i d a t i o n by C1, i s
OXYHALOGEN INTERMEDIATES
The oxyhalogen species --bromate, iodate, o r c h l o r i t e i o n --are indispensable c o n s t i t uents o f a l l known homogeneous isothermal chemical o s c i l l a t o r s i n s o l u t i o n ( r e f . 13-19). Although t h e f i r s t o s c i l l a t i n g r e a c t i o n reported, t h e Bray-Liebhafsky r e a c t i o n ( r e f . 13), i s an i o d a t e i o n system, t h e overwhelming m a j o r i t y o f o s c i l l a t o r s r e p o r t e d t o d a t e c o n t a i n e i t h e r bromate i o n o r c h l o r i t e i o n .
Bromate i o n o s c i l l a t o r s have been by f a r t h e most thoroughly s t u d i e d and characterized --
w i t h t h e Belousov-Zhabotinskii system, which was discovered almost t h i r t y years ago, becomi n g t h e best understood p r o t o t y p e w i t h extensive bodies o f experimental and t h e o r e t i c a l work which a r e i n remarkably good agreement. I n general, our understanding o f c h l o r i t e i o n o s c i l l a t o r s i s a t a more p r i m i t i v e stage i n t h a t these systems were f i r s t r e p o r t e d l e s s than t e n years ago. I n v a r i a b l y , these h i g h l y complicated redox systems i n v o l v e species such as XO, , HXO, , HOX, X, and X -along w i t h various metal ions. i n n e r sphere versus o u t e r sphere s u b s t i t u t i o n r e a c t i o n s and t h e corresponding one-electron versus t w o -e l e c t r o n t r a n s f e r processes p l a y an important p a r t i n a d e t a i l e d explanation o f these systems ( r e f . 20-26).
For t h a t reason, some comment w i t h respect t o t h e r e a c t i o n s and i n t e r a c t i o n s o f t h e c h l or i n e c o n t a i n i n g oxyhalogen species i s appropriate i n order t o appreciate t h e complexity o f t h e d e t a i l e d mechanism associated w i t h t h e examples c i t e d above.
Chlorine i s a s t r o n g o x i d i z i n g agent and r e a c t s w i t h a wide v a r i e t y o f compounds and i n p a r t i c u l a r those t h a t are considered reducing agents. o f t h e r e a c t i o n s which occur between c h l o r i n e and i n o r g a n i c reducing m a t e r i a l s . However, i t should be noted t h a t t h e actual r e a c t i o n s ( i n terms o f stoichiometry, k i n e t i c s and det a i l e d mechanisms) are g e n e r a l l y considerably more complex than t h e i l l u s t r a t i o n s :
The a c i d c a t a l y z e d d i s p r o p o r t i o n a t i o n o f chlorous a c i d has been s t u d i e d under a v a r i e t y o f pH values and i o n i c s t r e n g t h s ( r e f . 11, 27-30). Hydrogen i o n a f f e c t s t h e r a t e o f c h l o r i n e d i o x i d e production g i v i n g r i s e t o t h e o v e r a l l stoichiometry:
5HC10, --c 4C10, t C l -t H+ t 2H, O C l e a r l y , t h e r o l e o f
The f o l l o w i n g r e a c t i o n s are t y p i c a l A t pH 2.
about 20% o f t h e c h l o r i t e i o n undergoes d i s p r o p o r t i o n a t i o n i n l e s s than 10 minutes. a c i d catalyzed d i s p r o p o r t i o n a t i o n o f c h l o r i t e i o n o n l y as a r e s u l t o f i m p u r i t i e s such as f e r r i c i o n . Furthermore, they have shown t h a t t h e r e a c t i o n :
Schmitz and Rooze ( r e f . 31) have c l e a r l y shown t h a t c h l o r a t e i o n i s formed from t h e k, HC10, t HC10, ---+ HOCl t H' t C10,- 
These r e a c t i o n s i n v o l v e t h e formation o f t h e unsymmetrical intermediate C1 ,02: 
o r
On t h e o t h e r hand, a t low i n i t i a l r e a c t a n t concentrations o f both r e a c t a n t s , p r i m a r i l y c h l o r a t e i o n i s formed due t o t h e f i r s t order decomposition o f t h e Cl,O, intermediate: [Cl,O,]Thus, h i g h concentrations f a v o r t h e second order r e a c t i o n s (Eqns. 2 , 3 ) and c h l o r i n e d i o xi d e i s formed. A t low concentrations, t h e second order process becomes unimportant and t h e f i r s t order r e a c t i o n (Eqn. 4) produces c h l o r a t e i o n r a t h e r than c h l o r i n e d i o x i d e . The reasons are c l e a r l y r e l a t e d t o presence o f h i g h concentrations o f i n i t i a l r e a c t a n t s and t h e r a p i d formation o f t h e Cl,O, intermediate which i n t u r n i s responsible f o r t h e formation o f c h l o r i n e d i o x i d e . C10,-
t C1, t H, O -c C10,- t 2C1-t 2H'
Chlorine d i o x i d e d i s p r o p o r t i o n a t e s i n base by t h e r e a c t i o n :
2C10, t 20H--.c H, O t C10,-t C10,- 
A t 20°C w i t h an i n i t i a l hydroxide i o n concentration o f 1 x lo-, M t h e r a t e law reduces t o :
-d[ClO,]/dt = O.O017[ClO,] t 10.0[C10,]2 I f t
h e i n i t i a l c h l o r i n e d i o x i d e concentration i s 1 x M, 85% o f t h e t o t a l r a t e o f decomposition occurs v i a t h e pathways given by t h e second-order term o f t h e r a t e law. The base d i s p r o p o r t i o n a t i o n o f c h l o r i n e d i o x i d e i s dependent n o t o n l y on t h e c h l o r i n e d i o xi d e and hydroxide i o n concentration b u t a l s o t h e presence o f o t h e r bases such as phosphate ion, carbonate ion, b o r a t e ion, and a wide v a r i e t y o f metal complexes. These r e a c t i o n s . a r e f a s t and c l e a r l y complicate our understanding o f t h e d e t a i l s o f t h e e l e c t r o n t r a n s f e r steps and t h e r o l e o f metal i o n s i n t h e d i s p o r p o r t i o n a t i o n process

Thus a t h i g h concentrations o f c h l o r i n e d i o x i d e t h e process becomes pseudo f i r s t order i n c h l o r i n e d i o x i d e and markedly dependent on t h e concentration and t y p e o f base o r anion
and/or metal complex present i n t h e s o l u t i o n under consideration.
Halperin and Taube ( r e f . 32) conducted oxygen-18 atom t r a c e r experiments on t h e base decomp o s i t i o n o f c h l o r i n e d i o x i d e d u r i n g t h e formation o f c h l o r a t e i o n and c h l o r i t e i o n . i s o t o p i c composition was almost i d e n t i c a l w i t h t h e o r i g i n a l c h l o r i n e d i o x i d e although minor d i l u t i o n by s o l v e n t oxygen was observed. Bray ( r e f . 27), they proposed t h a t t h e r e e x i s t e d an unsymmetrical c o n f i g u r a t i o n o f [ClO,], i n t h e t r a n s i t i o n s t a t e as shown below:
The By using t h e r a t e law as p r e v i o u s l y r e p o r t e d by 0 ( 5 )
According t o H a l p e r i n and Taube, t h e hydroxide i o n would p r e f e r a b l y a t t a c k t h e more p o s it i v e c h l o r i n e such t h a t i n t h e m a j o r i t y o f cases t h e s o l v e n t oxygen would r e s i d e i n t h e c h l o r a t e i o n product. I f i n a small percentage o f events t h e hydroxide i o n attacked t h e t1 c h l o r i n e , a small amount o f s o l v e n t oxygen would be observed i n t h e c h l o r i t e i o n product.
The I n a l l cases, most t r a n s i t i o n metal i o n s c a t a l y z e these processes ( r e f . 11, 20-31).
OSCILLATING REACTIONS
I n t e r e s t i n g l y enough, t h e r e a c t i o n s and i n t e r a c t i o n s o f t h e various o x y c h l o r i n e species are t h e best understood o f a l l o f t h e oxyhalogen r e a c t i o n s . p r i s i n g t h a t t h i s l a c k o f a d e t a i l e d understanding o f t h e i n t e r a c t i o n o f t h e oxyhalogen species themselves has l e d t o considerable d i f f i c u l t y i n t o t a l l y understanding t h e mechanism o f o s c i l l a t i n g r e a c t i o n s .
One o f t h e best examples i s t h e Belousov-Zhabotinskii ( r e f . 14-19) r e a c t i o n i n t h a t i t i l l u s t r a t e s some very unusual chemical behavior and because i t s t o t a l e l u c i d a t i o n provides both a chemical challenge t o o b t a i n t h e necessary thermodynamic and k i n e t i c i n f o r m a t i o n about t h e various species and a computational challenge t o simulate t h e experimental r esul t s .
The Belousov r e a c t i o n mechanism can be best understood by r e c o g n i z i n g t h e r e are two d i f f e rent o v e r a l l processes t h a t can occur i n t h e system. There i s l i t t l e c r o s s -t a l k between the two processes because one i n v o l v e s o n l y s i n g l e t species and t h e o t h e r i s b a s i c a l l y a r a d ic a l process as i s shown below:
I n t h i s context, i t i s n o t s u r - 
Above a c e r t a i n c r i t i c a l bromide i o n concentration, Process I occurs w h i l e below t h i s c r i t i c a l bromide i o n concentration Process I 1 i s dominant. O s c i l l a t i o n s occur because Process I consumes bromide i o n and thus i n e v i t a b l y leads t o t h e onset o f Process I 1 which by i n d i r e c t l y producing bromide ion, r e t u r n s t h e system t o c o n t r o l by Process I.
The r a t e determining step f o r Process I i s t h e r e d u c t i o n o f bromate i o n by bromide i o n through a s e r i e s o f oxygen t r a n s f e r o r two-electron processes. s i n g l e t oxybromine species present d u r i n g Process I are thermodynamically p l a u s i b l e as s i ng l e e l e c t r o n oxidants such as are r e q u i r e A t low bromide i o n concentrations, t h e system s h i f t s t o Process I 1 where bromate i o n and bromous a c i d produce BrO, which behaves very s i m i l a r l y t o C10,. cerium(1V). The n o n -l i n e a r k i n e t i c behavior o f Process I 1 provides t h e feedback t h a t i s one o f t h e requirements f o r t h e sustained o s c i l l a t o r y behavior.
Subsequently, i t has been shown t h a t manganese(I1) and i r o n ( I 1 ) behave s i m i l a r l y i n t h a t they a1 so i n v o l v e one-electron t r a n s f e r processes. by p o t e n t i a l l y m u l t i -e q u i v a l e n t reducing agents such as Br-, H,O?, HN,! and vanadium(I1) r e s u l t i n simple, mixed second order r a t e laws which e x h i b i t no i n d u c t i o n periods. C l e a r l y , t h e d i s t i n c t i o n between one-electron and two-electron t r a n s f e r processes determine t h e o s c i l l a t o r y behavior o f t h e bromate system. 
